Disorders of the prostate and lower urinary tract are common in elderly men. We investigated the role of metallothionein-1 (MT1) in prostate carcinogenesis by generating a prostate-specific, MT1-expressing mouse. Unexpectedly, genomic analyses revealed that a 12.1-kb genomic region harboring several conserved noncoding elements was unintentionally deleted, upstream of the transgene integration site in the mouse, which we named it 12.1DMT1. Male 12.1DMT1 mice chronically treated with testosterone (T) plus 17b-estradiol (E2) to induce prostate cancer exhibited no evidence of precancerous or cancerous lesions. Instead, most of them exhibited a bladder outlet obstruction (BOO) phenotype not observed in treated wild-type (WT) mice. Thus, we hypothesized that 12.1DMT1 is a novel model for studying the hormonal requirement for BOO induction. Adult male 12.1DMT1 and WT mice were treated with T, E2, bisphenol A (BPA), T þ E2, or T þ BPA for up to 6 months. Histologic and immunohistochemical analysis of the prostate, bladder, and urethra were performed. No significant prostate pathologies were observed in WT or 12.1DMT1 mice treated with any of the hormone regimens. As expected, prostatic regression occurred in all E2-treated animals (WT and 12.1DMT1). Of great interest, despite a small prostate, 100% of E2-treated 12.1DMT1 mice, but only 40% of E2-treated WT mice, developed severe BOO (Po0.01). In contrast, T þ E2 treatment was less effective than E2 treatment in inducing severe BOO in 12.1DMT1 mice (68%, Po0.05) and was completely ineffective in WT animals. Similarly, T, BPA, and T þ BPA treatments did not induce BOO in either WT or 12.1DMT1 mice. The BOO pathology includes a thinner detrusor wall, narrowing of bladder neck and urethral lumen, and basal cell hyperplasia in the bladder body and urethra. These findings indicate that 12.1DMT1 mice exhibit enhanced susceptibility to E2-induced BOO that is independent of prostate enlargement but that is attenuated by the conjoint treatment with T. (2015) 95, 546-560; doi:10.1038/labinvest.2015 published online 23 February 2015 Bladder outlet obstruction (BOO) is regarded as a major cause of bothersome lower urinary tract symptoms (LUTS) in men. LUTS encompass a range of urinary morbidities, including those of storage, voiding, and postmicturition. 1 The incidence and prevalence of LUTS increase with age. 2 The etiologies of LUTS are multifactorial, and the pathophysiology is not well understood. 1,3 LUTS has often been attributed to benign prostatic hyperplasia (BPH), which narrows the urethral lumen and ultimately leads to BOO. However, a number of studies have suggested that BOO is not always caused by BPH. [4] [5] [6] Factors or organs other than the prostate have been proposed as contributors to BOO or modifiers of the severity of its symptoms. 3, 7 An imbalance between androgens and estrogens has been implicated in the development of LUTS in men, including BOO. Higher levels of circulating 17b-estradiol (E2) were associated with an increased risk of LUTS in older men, 8 and lower levels of circulating testosterone (T) in men were correlated with increased severity of LUTS 9,10 and BOO. 11 Male mice overexpressing aromatase developed BOO accompanied by morphologic changes and hyperproliferative responses in the urothelium and detrusor of bladder
body. 6 T plus E2 (T þ E2) treatment was recently found to induce BPH-related BOO symptoms in male mice. 12 The T þ E2 regimen used to treat the mice in the present study has been reported to elevate the serum ratio of E2 to T, mimicking the hormonal milieu in aging men. 13, 14 In summary, excess E2 with a decline in T may promote the development of LUTS and/or its severity in elderly men. [8] [9] [10] However, the effects and importance of E2 action on extraprostatic tissues/organs, including the lower urinary tract (LUT), are not well understood. Furthermore, a model in which LUTS can be studied in the absence of prostate enlargement has not been available until now. Finally, the role of bisphenol A (BPA), a ubiquitous environmental estrogen that has been shown to increase the risk of prostate cancer risk, 15 in the etiology of LUTS has not yet been determined.
The genetic basis of LUTS, including BOO, is not well established. Genetic factors in LUTS have been suggested in twin studies. 16 A recent genome-wide association study identified an association of a number of single-nucleotide polymorphisms with the severity of LUTS related to BPH. 17 Data from the Encyclopedia of DNA Elements (ENCODE) projects suggest that regulatory DNA in 'non-gene' regions can regulate disease-associated gene networks and thereby influence the traits of complex diseases. 18 It remains to be determined if specific regulatory DNA elements can determine the risk, susceptibility, and severity of LUTS and/BOO. To our knowledge, there are no animal models for the study of the function of regulatory DNA elements in LUTS/BOO.
Metallothioneins (MTs), a family of cysteine-rich proteins with a strong affinity for metals, are involved in cell proliferation, apoptosis, and neoplastic transformation in the prostate gland. 19 In the present study, our initial goal was to explore the role of MT1 in hormone-induced prostate carcinogenesis in vivo. To this end, using the androgencontrolled prostate-specific probasin promoter, we successfully generated a prostate-specific MT1 expressor. However, neither prostate cancer nor prostate intraepithelial neoplasia (a precancerous lesion) developed spontaneously in this transgenic mouse or in those treated with T and/or E2. To our surprise, we observed bladder enlargement with urinary retention, symptoms consistent with human BOO/LUTS, in all E2-treated mice and in 68% of the T þ E2-treated mice, without or with prostate enlargement, respectively. The prevalence of these urologic symptoms was either much lower in the E2-treated (40%) mice or absent in the T þ E2-treated wild-type (WT) mice. As E2 treatment reduced prostate size and did not induce MT1 overexpression in the prostate, we concluded that the induction of these urologic symptoms was not related to MT overexpression or prostate enlargement even in the T þ E2-treated mice. Thus, we believe that we have generated a transgenic animal with heightened susceptibility to E2-induced BOO/LUTS, independent of prostate enlargement.
We characterized the transgenic mouse further by genetic mapping and identified a single transgene integration site on chromosome (chr) 16 . However, we found that a 12.1-kb genomic region upstream of this site was deleted. Hence, we named this mouse 12.1DMT1. Bioinformatic analysis identified several highly conserved noncoding elements within the deleted genomic region, raising the question of whether potential regulatory DNA elements residing in the deleted region contribute to the etiology. The analysis also identified Grin2a, which encodes NMDAR2A, a subunit of the Nmda receptor, as the nearest coding gene upstream of the genomic disrupted region. As the Nmda receptor controls the neural circuitry of the micturition reflex pathway, 20 we also examined the expression of Grin2a immunocytochemically in our mouse model.
In summary, we posit that 12.1DMT1 is an excellent model for studying the hormonal and genetic determinants involved in the natural history of BOO in a manner independent of the prostate pathology.
MATERIALS AND METHODS Animals
To generate transgenic mice expressing MT1 and luciferase (as a surrogate marker of transgene expression) specifically in the prostate, we prepared a transgene construct consisting of modified rat probasin promoter ARR2PB 21 that linked to the downstream myc epitope-tagged mouse MT1 coding sequence, followed by an internal ribosome entry site (IRES) and luciferase gene (Figure 1a and Supplementary  Table S1 ). We validated that the transgene expression of both MT1 and luciferase was induced by the androgen analog R1881 in human LNCaP prostate cancer cells (Figures 1b and  c) . Transgenic mice were produced by standard pronuclear injection techniques and confirmed by PCR genotyping of tail snips (Figure 1d and Supplementary Table S2 for primer information). To confirm the tissue specificity of transgene expression in mice, we measured luciferase activity in prostate and other tissues/organs, including the bladder body and neck. To determine the expression levels of transgene and endogenous MT1, total RNA was extracted from prostate samples, and we performed reverse transcription and realtime quantitative PCR. The production and characterization of transgenic mice are described in Supplementary Materials and Methods. The protocols for animal use were approved by the Institutional Animal Care Committee at the University of Cincinnati and the University of Massachusetts Medical School.
Identification and Validation of Integration Site
The MT1 transgene integration site(s) was identified by MCLAB (South San Francisco, CA, USA). The integration site was validated by performing a series of PCR targeting MT1 constructs and flanking expected integration site determinations (Supplementary Table S2 for primer information). The PCR products were then gel purified and sequenced (Macorgen USA, Rockville, MD, USA). A BLAST search was used to validate the integration site and its flanking regions.
Detection of Genomic DNA Deletion Upstream of the Integration Site
Because the expected mouse genomic DNA sequence immediately upstream of the insertion site was not detected by PCR, we used a series of forward primers further upstream of the integration site, together with the probasin promoterspecific reverse primer, to probe the deletion region (Supplementary Table S2 ).
Hormone Treatment and Histologic Analysis WT and homozygous 12.1DMT1 transgenic male mice were randomized into six treatment groups: control, E2, BPA, T, T þ E2, and T þ BPA. Control mice were surgically implanted with empty capsules. Treated mice were surgically implanted with silastic capsules containing hormones for 4 to 6 months, as described previously. 13, 22 The combined treatment with T and E2, used in the current study, has been well established as recapitulating the hormonal milieu in aging men. 13, 14 The T-, E2-, and BPA-filled capsules contained 25 mg T, 2.5 mg E2, and 10 mg BPA, respectively. The hormone dosage of the 1  4  5  3  6  0  2  3  3  5  5  1  6  2  9  0  1  7  7  4  5  1 12.1ΔMT1 male 
Statistical Analysis
The statistical analyses of the retention of urine and the thickness of detrusor evaluated mean differences between WT and 12.1DMT1 transgenic mice for each of the six groups of mice, including five treatments and one control group, using an analysis of variance (ANOVA) model. Paired comparisons of group differences within each mouse type were evaluated by T-tests within the ANOVA. Differences in incidences of severe urinary retention across treatment groups or mouse types were also evaluated. Statistical methodologies included non-zero negative binomial regression, linear regression using GEE (generalized estimating equations), Fisher's exact test, and Firth logistic regression. P-values were adjusted for multiple comparisons by the Bonferroni method. A significance level of 0.05 was assumed to indicate statistical significance, unless stated otherwise. Analyses were performed using SAS for Windows, version 9.3.
RESULTS

Generation of Prostate-Specific MT1 Transgenic Mice
To achieve our initial goal of determining the role of MT1 in prostate carcinogenesis, we generated transgenic mice expressing MT1 and luciferase specifically in the prostate gland. We studied two independent lines of transgenic founders, one of which had an unsatisfactory reproductive phenotype, as evidenced by small litter size, frequent cannibalism, and poor health of the offspring in the establishment of a homozygous colony. The transgenic line MT1 with fertile homozygous breeders generating healthy offspring was further established for subsequent characterization and experiments. A luciferase assay confirmed the prostate-specific transgene expression in male mice, with no or negligible activity detected in other tissues/organs, including the bladder body and neck ( Figure 1e ). Table S4 ).
Identification of Transgene Integration Loci and Genomic Deletion in Homozygous Transgenic Mice
We identified only one integration site, which is at chr 16 ( Figure 1f ). Multiple PCRs with different primers (Supplementary Table S2 ) showed the intact sequence of the inserted 3.5-kb transgene construct and its downstream genomic DNA sequence. However, genetic mapping by PCRs interrogating the upstream region of the integration site indicated a deletion of mouse genome. Genomic sequencing analysis confirmed a deletion of 12 132 bp upstream of the insertion site ( Figure 1f and Supplementary Table S5 ).
Bioinformatic Analysis of the Insertion Site and the Deleted region
Bioinformatic analysis with Ensembl (http://www.ensembl. org), UCSC Genome Browser (http://genome.ucsc.edu/), GenBank (http://www.ncbi.nlm.nih.gov), and by BLAST and related sequence alignment methods showed that the concurrent site of MT1 transgene insertion and 12.1-kb genomic deletion (mouse chr 16: 9 525 278-9 537 409) was located in an intergene region B666 kb downstream of the gene 1810013L24Rik and B36 kb upstream of the downstream gene, Glutamate Receptor, Ionotropic, NMDA2A (epsilon 1) and (Grin2a) (Figures 2a and b ). Further analysis with the Genomatix software suite (http://www.genomatix.de) revealed no putative transcripts, microRNA, promoter, or transcription start sites in the deleted region. However, this region contains several regions that are well conserved among eutherian mammals, including two highly conserved elements corresponding to positions chr 16: 9 533 119-9 533 235 and 9 533 422-9 533 461 in the mouse genome, as mapped by Ensembl (Figure 2c ) and confirmed by sequence alignment methods (data not shown). We also mapped ENCODE elements into the human counterpart of the deleted region that contain two DNase I hypersensitivity clusters, suggesting potential cis-regulatory DNA elements (data not shown). To identify putative regulatory sites within the deleted region, we used ECR browser (http://ecrbrowser. dcode.org/) to further map and analyze evolutionary conserved (between human and mouse) regions within the deleted fragment in the vicinity of Grin2a gene. Subsequently, rVista (http://rvista.dcode.org/cgi-bin/rFromXB.cgi) was used to identify conserved TF binding sites in these regions (Supplementary Figure S1) .
No Prostate Pathology Observed in Untreated or
Hormone-Treated WT and 12.1DMT1 Mice No premalignant or cancerous lesions were detected in the prostate glands of WT and 12.1DMT1 mice with or without hormone treatment (E2, T þ E2, T, BPA, or T þ BPA). The T þ E2-, T-, and T þ BPA-treated prostates and seminal vesicles were larger than those of untreated control mice. E2 treatment caused a remarkable regression of prostate glands and seminal vesicles.
12.1DMT1 Mice are More Susceptible than WT Mice to Estrogen Induction of BOO After mice were treated for 4-6 months with E2 (inducing prostatic involution) or T þ E2 (causing prostatic enlargement), we consistently observed dilated bladder with urine retention in 12.1DMT1 mice and an enlarged bladder in some WT mice (Figures 3a and b) . Untreated WT or 12.1DMT1 mice and T þ E2-treated WT mice showed no signs of the BOO phenotype. The urine volume was significantly greater in E2-treated 12.1DMT1 mice (mean: 3.5 ml; 95% confidence interval (CI): 2.0-6.1 ml) than E2-treated WT (mean: 1.0 ml; 95% CI: 0-2.3 ml; Po0.05) or untreated control 12.1DMT1 mice (mean: 0.1 ml; 95% CI: 0.0-0.2 ml; Po0.01). The volume of urine retained was also significantly increased in T þ E2-treated 12.1DMT1 mice (mean: 1.6 ml; 95% CI: 1.1-2.4 ml) as compared with that of T þ E2-treated WT (mean: 0.06 ml; 95% CI: 0.02-0.2 ml, Po0.01) or untreated 12.1DMT1 mice (mean: 0.1 ml; 95% CI: 0.08-0.2 ml; Po0.01). The incidence of mice exhibiting severe BOO symptoms that retained 41 ml of urine is shown in Table 1 . Among 12.1DMT1 mice treated with E2 or T þ E2, the incidence of severe BOO was significantly higher than among WT mice with the respective treatment (12.1DMT1-E2: 100% vs WT-E2: 40%, Po0.01; 12.1DMT1-T þ E2: 68.2% vs WT-T þ E2: 0%, Po0.01). However, T, BPA, or T þ BPA treatment did not cause urinary retention in bladders of either WT or 12.1DMT1 mice (Supplementary Table S6 ). E2, T þ E2, or BPA treatment caused a significant reduction in the thickness of detrusor in 12.1DMT1 mice but not in WT mice ( Figure 3a and Table 2 ).
Estrogens Reduced the Luminal Sizes of Bladder Neck and Proximal Urethra
To identify bladder neck in a LUT region, we used an immunohistochemical approach with an antibody to uroplakin III, which is a marker of urethelial differentiation (Figure 4a ). The luminal size of the bladder neck of untreated WT mice was comparable to that of untreated 12.1DMT1 mice. Following exposure to E2, the luminal size of the bladder neck was remarkably reduced in WT and 12.1DMT1 mice. Treatment with T þ E2 also caused narrowing of the bladder neck in 12.1DMT1 mice but not in WT mice. Next, we examined the proximal urethra, which is defined as the portion of the urethra cranial to the verumontanum that contains the ejaculatory ducts and the main ducts of the seminal vesicles. 12 There were no noticeable differences in the luminal size of the proximal urethra in untreated WT mice and untreated 12.1DMT1 mice (Figure 4b ). Treatment with E2 caused urethral narrowing in WT and 12.1DMT1 mice, whereas treatment with T þ E2 did not. Treatment with T alone, BPA alone, or T þ PBA did not change the luminal size of the bladder neck and proximal urethra in WT and 12.1DMT1 mice (data not shown). The volume of 1 ml is an arbritury cutoff value for severe symptom of BOO. (Figure 5a ), bladder neck (Figure 5b) , and proximal urethra (Supplementary Figure S2) 12.1DMT1 mice treated with E2 or T þ E2 had a small bladder-neck lumen as compared with untreated 12.1DMT1 control mice. E2 also caused a remarkable narrowing of the bladder-neck lumen in some WT mice. (b) E2 had markedly narrowed the urethral lumen in 12.1DMT1 mice and some WT mice, whereas the narrowing effects of T þ E2 were less pronounced than those of E2. The image of untreated control 12.1DMT1 mice is used as an example to illustrate the location of urethral lumen (UL), prostatic ducts (PD), seminal vesicle ducts (SVD), and ejaculatory ducts (ED). MT1, metallothionein-1. 1DMT1 mouse bladders, collagen staining was located in the lamina propria, but was rather sparse in the detrusor smooth muscle layer. After E2 treatment, WT or 12.1DMT1 mouse bladders showed a remarkable increase in collagen staining within the detrusor smooth muscle layer. After T þ E2 treatment, noticeable collagen staining was focally detected in the detrusor of 12.1DMT1 mouse bladders, whereas no or little collagen staining was observed in those of WT mouse bladders. To test a hypothesis that the deleted region contains putative regulatory DNA element(s) regulating neighboring genes, we checked the expression of NMDAR2A, a subunit of the NMDA receptor, which is encoded by Grin2a that is closest to the deleted site. NMDAR2A staining in the urothelium of the bladder body was weak, with no differences between 12.1DMT1 and WT mice (Figures 7a and b) . Levels of NMDAR2A staining in the urothelium and smooth muscle layers of the bladder neck were higher in 12.1DMT1 than in WT mice (Figures 7c and d) . NMDAR2A staining in neurons around the bladder-neck region was stronger in 12.1DMT1 mice than in WT mice (Figures 7e and f) . In proximal urethra, intense NMDAR2A staining was localized to the urethral epithelium of 12.1DMT1 mice, whereas such staining was very weak or negligible in WT mice (Figures 7g and  h) . Treatment with E2, T þ E2, T, BPA, or T þ BPA did not alter the pattern and intensity of the NMDAR2A staining in the LUT of 12.1DMT1 and WT mice as compared with that of the respective untreated control mice (E2 and T þ E2 panels shown in Supplementary Figure S3 ; T, BPA, and T þ BPA panels not shown).
DISCUSSION
We present here a serendipitous finding that transgenic male mice expressing MT1 in the prostate gland exhibit a strong propensity for estrogen-induced BOO. The 12.1DMT1 mice carry a homozygous MT1 transgene insertion with a concomitant 12.1-kb noncoding deletion at an intergenic region B36 kb upstream of Grin2a and displayed an increase in NMDAR2A, a subunit of the NMDA ionotropic glutamate receptor encoded by Grin2a, in the LUT. Bioinformatic analysis revealed several highly conserved (in mammals) putative regulatory DNA-like elements in the 12.1-kb deleted region. After 4-6 months of treatment with E2 or T þ E2, the majority of 12.1DMT1 mice had an enlarged bladder with urinary retention, accompanied by a thin detrusor, prominent fibrosis in the bladder body and neck, and basal cell hyperplasia in the bladder urothelium and urethral epithelium. Treatment with E2 alone narrowed the lumen of the bladder neck and proximal urethra more markedly in 12.1DMT1 mice than in WT mice despite prostate regression in both types of mice. A noticeable effect of T þ E2 on the bladder neck narrowing was also noted in 12.1DMT1 mice.
To our knowledge, this is the first study in an animal model to document estrogen induction of bladder-neck anomalies in BOO that is not associated with an enlarged prostate. On the basis of these findings, we propose that these genetically modified mice represent a novel animal model for exploring the role of genetic determinants of susceptibility and severity in BOO associated with sex hormonal imbalance towards estrogen predominance. Imbalance between androgens and estrogens has been recognized as a culprit in prostatic diseases such as BPH and prostate cancers. 12, 14, 22 However, the hormonal etiology of bladder-and urethra-related LUTS remains poorly understood. Combined treatment with T and E2 resulted in elevated serum levels of E2 and maintained the physiologic levels of T in rodents. 13, 23 This method of hormonal manipulation mimics the changes of the ratio of T to E2 ratio in aging men, 13, 14 which is closely correlated with increasing prevalence of LUTS in men. 3 Cotreatment with T and E2 has been shown to induce obstructive voiding in rats 23 and BOO in mice. 12 The hormone-induced growth of prostate tissue in the periurethral region may cause urethral narrowing and BOO, which is analogous to LUTS because of BPH in elderly men. In the present study, the majority of 12.1DMT1 mice treated with T þ E2 developed severe BOO, as characterized by an enlarged bladder with urinary retention 41 ml and a small bladder-neck lumen. It was somewhat surprising that T þ E2-treated WT mice did not exhibit the BOO phenotype, whereas a recent study 12 demonstrated BOO induction in male mice by T þ E2 treatment. We used the same mouse strain (C57BL/6) and hormone doses (T: 25 mg and E2: 2.5 mg) as Nicholson et al, 12 but a different type of hormone implant: silastic hormone capsules (as reported herein) vs compressed hormone pellets. 12 Perhaps, the different outcomes in hormonal induction of BOO of these studies were due to different rates of hormone release by silastic and pellet implants. Our data for silastic implants clearly demonstrated that 12.1DMT1 mice are more susceptible and sensitive to BOO induction as a consequence of elevated E2 in physiologic settings of androgens.
E2 treatment alone caused severe BOO and prostate gland regression in male 12.1DMT1 mice. It should be noted that the prostate is not expressing the transgene MT1 in the E2-treated animal, further supporting the lack of relationship of urologic symptoms to MT1 or prostate enlargement. The narrowing of bladder outlet and urinary obstruction in these mice could not be because of BPH, which is regarded as a primary cause of BOO in men. Given that estrogen receptors are present in the male LUT, including the bladder and urethra, 6, [24] [25] [26] it is plausible that extraprostatic tissues in the LUT are direct site(s) of estrogenic actions in BOO development. The pathophysiologic effect of E2, which is independent of prostate growth promotion, in BOO development has been shown in transgenic mice overexpressing aromatase. 6, 27 Epidemiologic studies did not reveal a statistically significant correlation between the severity of BOO symptoms and prostate size. 4, 28 Thus, the underlying causes of BOO are heterogeneous and more complex than previously appreciated and may involve 'non-prostatic' mechanisms.
Epidemiologic studies investigating the relationship between androgens and LUTS yielded conflicting results. Serum levels of T have been inversely related to the severity and risk of LUTS in men. 9, 10, 29 However, such associations were not observed in other studies. 8, 30, 31 In our study, T þ E2 treatment resulted in a lower incidence of severe BOO (as characterized by urinary retention, bladder outlet luminal sizes and amounts of collagen deposit) than E2-alone treatment in both WT and 12.1DMT1 mice. The T supplement appeared to alleviate BOO symptoms in mice having elevated E2 exposures. In a study with BOO patients,
WT
12.1ΔMT1 low T levels were associated with unfavorable manifestations of BOO, 11 suggesting that androgens may have ameliorating effects in LUT function. In contrast, in a rat study with E2 treatment plus different doses of T, obstructive voiding was only observed in treated rats with hyperandrogenic state but not in those with hypoandrogenic state. 32 The 12.1DMT1 mice carry a genomic alteration targeted at an intergenic region adjacent to Grin2a. The genomic modification includes an insertion of a transgene cassette expressing MT1 under probasin promoter and a concomitant deletion of a B12.1-kb genomic region. Although the transgene activation is restricted to the prostate gland and tightly regulated by androgens, the low abundance of transgene MT1 relative to the endogenous levels would discount the contribution of the transgene to prostate and LUT pathology. In addition, the BOO phenotype was not observed in T-treated 12.1DMT1 mice, in which high levels of transgene expression were expected. In contrast, severe BOO was induced by treatment with E2, which would markedly reduce endogenous androgens and hence transgene expression. The hormonal induction of BOO appears to be independent of MT-1 transgene expression.
A notable feature of the 12.1DMT1 mice is the increased expression of NMDAR2A in the bladder neck and urethra. NMDA is a glutamate-gated ion channel that exhibits high calcium permeability and voltage-dependent sensitivity to magnesium. These receptors are present in the nervous system and in non-neuronal cells/tissues, including male LUT. 33 In addition to their well-characterized role in the central nervous system, NMDA receptors are known to control external urethral sphincter activity via the glutamate mechanisms of the micturition reflex pathway. 20 Until now, few studies on the pathophysiologic role of NMDA receptors in BOO or voiding dysfunction have been reported. In a rat study, surgically induced BOO caused NMDA receptormediated changes in the bladder afferent pathway. 34 The observed elevation in the levels of NMDAR2A protein in urinary tract tissues of 12.1DMT1 mice raises the questions of how the genomic modification at an intergenic region leads to activation of Grin2a and how NMDAR2A A novel mouse model for estrogen-induced BOO NN-C Tam et al modifies the BOO risk and susceptibility. In this context, it is intriguing to note that several highly conserved (in mammals) noncoding elements are located within the 12.1-kb deleted region. The conservation within the deleted region is quite extensive between humans and mice: a number of shorter fragments and three relatively long regions of the deleted region (with the total length of 42 kb and sequence identity460%) align with very significant E-values using BLASTn. Moreover, DNase I hypersensitivity clusters, as markers of regulatory DNA elements, 18 were mapped in the human counterpart of the deleted region by the ENCODE project. In an attempt to limit the false-positive rate in the prediction of putative functional sites, ECR browser was used to map evolutionary conserved (between human and mouse) regions within the deleted fragment. Subsequently, rVista was used to identify conserved TF binding sites in these regions. The longest conserved region identified within the deleted region by ERC extends for about 700 bp, and starts at position 7634 in the deleted region (mouse chr 16: 9 532 818-9 533 533, corresponding to human chr 16: 9 798 147-9 798 847; see also Supplementary Figure S1 ). The conserved region contains several conserved LEF-1/TCF family binding sites (CTTTGWW, where W is either A or T), as identified by rVista and depicted in Supplementary Figure S1 . Based on recent high-throughput screening for TF binding sites associated with ER binding sites ERE, LEF-1 has been found to have the highest degree of colocalization with ER enhancers. It appears that typically LEF1/TCF inhibits ER-mediated transcription, so the loss of LEF1/TCF sites could result in increased ER-regulated transcription. However, a direct estradiol effect on LEF1/TCF-mediated regulation, independent of ER transcriptional activity, has also been suggested. 35 However, our data suggest that augmented NMDAR2A expression alone is not sufficient for BOO development, whereas such high basal levels of this gene in the LUT may render the 12.1DMT1 mice more susceptible to estrogeninduced BOO and exacerbate the disease severity. Future investigations are warranted to identify and validate specific regulatory DNA elements that regulate BOO-associated gene networks and hence to gain insights into disease mechanisms.
Characteristic features of the BOO phenotype in the 12.1DMT1 mouse model are the bladder-neck anomalies, as indicated by the bladder-neck narrowing, fibrosis and ectopic NMDAR2A expression in the urothelium, smooth muscles, and neuronal cells of the bladder-neck region. Prostate and bladder-neck hyperplasia was not observed in E2-treated mice showing a high incidence of severe BOO, suggesting that bladder-neck narrowing may not be caused by mechanical obstruction. However, it is possible that hyperplasia in the proximal urethra is a culprit of urethral narrowing leading to an obstruction of LUT. Additionally, prominent fibrosis is evident in the smooth muscle layer and urothelium of bladder neck following chronic exposure to E2. To our knowledge, this is the first time to report bladder-neck fibrosis associated with BOO. The bladder-body detrusor fibrosis has been reported in rodents with surgical obstruction of urethra, [36] [37] [38] aromatase-overexpressing mice 6 and T þ E2-treated mice. 12 The abnormal deposition of collagen in the bladder neck and body, as a consequence of urinary obstruction, may further increase the stiffness and matrix rigidity of LUT leading to the decompensated stage of BOO. Intriguingly, the conjunct action of T appeared to be protective in attenuating the effects of E2 on LUT fibrogenesis.
Thin detrusor wall is a peculiar feature of estrogenexposed bladders, as reported by us and others. 6, 12 Although the bladder wall thickening is regarded as a phenotypic response to surgical obstruction of urethra in partial BOO animal models, 39 it remains uncertain if the measurement of bladder wall thickness is a reliable diagnostic criterion for BOO assessment in men. 40, 41 As a limitation, detrusor thickness varies with the urine volume in bladder filling. 40 In humans, primary bladder-neck obstruction (PBNO), first described by Marion in 1933, 42 is a condition in which the bladder neck fails to open during voiding without other anatomic obstruction, such as in BPH in men. 5 PBNO is recognized as a major cause of voiding dysfunction in young men 5 and is also found in women and children. 43 The bladder-neck samples from patients with PBNO showed an increased in the number of neuropeptide Y-immunoreactive nerves, suggesting sympathetic nervous dysfunction in bladder-neck smooth muscle. 44 The 12.1DMT1 mice represent an animal model of bladder-neck obstruction that is clinically relevant to human BOO with hormonal and/or neurologic etiologies.
In summary, the 12.1DMT1 mice possess a defined genomic modification and exhibit increased susceptibility and severity of estrogen-induced BOO that is not associated with BPH. This novel animal model provides an opportunity to identify genetic determinants and underlying mechanisms for modifying the risk of BOO and to design new pharmacologic intervention strategies.
Supplementary Information accompanies the paper on the Laboratory Investigation website (http://www.laboratoryinvestigation.org)
